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Abstract 
This paper introduces a general design of a silicon wire “lab 
on a chip” photonic biosensor for medical diagnosis 
application, especially for early-stage cancer diagnosis. The 
sensitivity of detection of the biosensors developed is at least 
10-100 times more sensitive than that of current commercial 
biosensors. 
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Introduction 
Reports from Xinhua Website (Xinhua News, 2015) 
indicates that the cancer cases in China accounts for 
1/5 of the total cancer cases globally, while the death 
cases due to cancer in China accounts for 1/4 of the 
total death cases in the world. The lower survival rate 
in China compared with developed countries, such as 
USA, was mainly due to the late diagnosis of cancer 
cases. As the Chinese society is getting older, problems 
from environmental pollution and food security and 
so on has become serious, the above figures would get 
worse if no immediate effective measures are taken 
into action.  
 
MicroRNAs (also miRNAs) have been identified as 
promising biomarkers for human diseases, including 
cancers (Calin et al, 2006; Waber et al., 2010). Many 
methods have been explored for the detection of 
miRNAs (Deng, et al., 2014; Degliangeli, et al., 2014; 
Roy, et al., 2011; Driskell, et al., 2008), but they are 
mostly too expensive and time consuming, requiring 
specialised laboratory equipments, and tedious 
incubation steps (Wen et al., 2012). Research has also 
been carried out with implementing silicon nanowire 
technology and some progresses has been made (Qavi, 
et al., 2011; Densmore, et al., 2009; Pandraud,et al., 
2000; Ymeti, et al., 2005; Zhang, 2013). The 
development of “lab on a chip” photonic biosensors 
with high sensitivity of detection, capable of detecting 
disease-associated miRNAs, would be beneficial as an 
effective tool for the early-stage diagnosis of various 
disesases, especially cancers, as miRNAs are well 
preserved in various human specimens, including 
urine (Waber et al., 2010). We propose to design highly 
sensitive “lab on a chip” biosensors by incorprating 
many stand-alone Mach–Zehnder interferometer (MZI) 
biosensor elements with a multi-mode interferometer 
(MMI) optical coupler for multiple miRNA biomarks’ 
detections. The complete “lab on a chip” biosensor is 
capable of detecting multiple miRNAs in clinical 
samples, such as urine, blood, rapidly and 
simultaneously in real-time without requiring 
labelling and any amplification processing.  
Configuration of “Lab on a chip” Biosensors 
A typical “lab on a chip” presented here is based on an 
UK patent of the author (Zhang, 2010). The single MZI 
sensing element is shown in Fig. 1; the multi-mode 
interferometer (MMI) optical coupler is shown in Fig. 
2 and 3; the complete “lab on a chip” silicon wire 
photonic biosensor of our research is shown in Fig. 4, 
and the cross-section of the sensing window is shown 
in Fig. 5. 
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Single MZI sensing element 
A Mach-Zehnder Interferometer (MZI), served as a  
single sensing element, as shown in Fig. 1, is used to 
detect the phase change in the sensing arm due to the 
interaction of antibody (receptor) and the targeted 
molecules (shown in Fig. 5), with respect to a reference 
arm. Built-in reference arms are able to compensate for 
the variations, such as the refractive index fluctuations 
of both the waveguide materials and the bulk sample, 
non-specific absorption, and other unidentified causes, 
resulting from such variables as temperature 
fluctuations, mechanical changes and non-specific 
binding in the bulk sample. 
 
 
FIG. 1 ILLUSTRATION OF A MZI SENSING ELEMENT 
The resulting phase difference at the output can be 
obtained from Eq. 1: 
             (1) 
where the Neff,S and Neff,R are the effective refractive 
index of the sensing and reference arms respectively, 
and the L is the interaction length of the receptor and 
analytes. 
An optical coupler of 1 N MMI 
Fig. 2 shows the schematic diagram of a 12 MMI 
structure. 
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FIG. 2  SCHEMATIC DIAGRAM OF A 1X2 MMI STRUCTURE 
Inside the MMI cavity the beam is split into numerous 
modes and the symmetric intensity pattern is repeated 
periodically at the intervals of Λ along the guide 
where,  
                                           (2) 
Here neff is the effective refractive index of the MMI 
cavity, WMMI the width of the MMI cavity and λ is the 
operational wavelength. neff is the effective refractive 
index of the fundamental mode of the MMI cavity.  
For a 1 N MMI, the N images formed are equally 
spaced across the multimode guide. The distance 
between the images is known as the ‘Pitch’,   
. The length of a 1N splitter (i.e., 
optical coupler) is found by 
. 
                                  (3) 
In the presented work, the pitch is fixed at 15µm to 
prevent interference between the output waveguides. 
WMMI is determined by the number of output 
waveguides, N, where WMMI=N.  
In our design, a 120 MMI optical coupler has been 
designed with the following parameters: waveguide 
width and height was kept at 4µm and 0.32µm 
respectively. Operating wavelength for all devices 
simulated is 1.55µm. Using neff=3.065 and 
WMMI=300µm (ρ=15µm and N=8) LMMI can be calculated 
to be 8897µm. A longer MMI length of 9300µm is 
simulated first to find the exact length at which the 
light converges into twenty equal powers.  
Optimum cavity length is obtained when the power 
levels of all outputs are similar, at this optimum length 
the device will have its lowest insertion loss and 
highest uniformity as shown in Fig. 3. 
 
FIG. 3  SIMULATION AND DESIGN OF A 1X20 MMI STRUCTURE 
A complete “lab on a chip” biosensor  
Fig. 4 illustrates the configuration of our research of a 
complete “lab on a chip” photonics biosensor, which 
consists of an 1 N MMI optical coupler and N stand-
alone MZI biosensing elements: 
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FIG. 4  ILLUSTRATION OF A COMPLETE ‘LAB ON A CHIP’ 
PHOTONIC BIOSENSOR 
A MMI was employed to combine many stand-alone 
MZI biosensor elements to form a chip-level biosensor 
array, which enable real-time and label-free 
monitoring and parallel detection of various analytes 
in one or multiple test samples. 
 
Principle of the operation of the “Lab on a chip” 
At the sensing window an optical waveguide surface 
is functionalised with antibodies. In this work, highly 
sensitive silicon-on-insulator (SOI) waveguides are 
used (Fig. 5). Target molecules binding with the 
antibodies cause a phase change in the propagating 
light in the sensing arm that is proportional to the 
concentration of the target molecules. 
 
FIG. 5  ILLUSTRATION OF THE DETECTION PRINCIPLE: 
TARGET MOLECULES BINDS WITH THE ANTIBODIES COATED 
ON THE SENSING ARM WHICH INDUCES A PHASE CHANGE 
IN THE SENSING ARM COMPARED WITH THE REFERENCE 
ARM.  
Experimental Setup and Preliminary Results 
A 120 MMI optical coupler has been successfully 
fabricated and tested in the lab, as shown in the Fig. 6 
with a lab set-up shown in Fig. 7. Fig. 6a shows 
successful operation of a fabricated 1x20 MMI optical 
coupler;  Fig. 5b and 5c show the Environmental 
Scanning Electron Microscopy (ESEM) images of an 
SU-8 taper and the Y-splitter of an MZI. The 
asymmetric Y-splitter is implemented here for the 
introduction of an initial phase difference to the 
sensing and reference arms, so as to have a better 
working point.  
 
FIG. 6  a) OUTPUT OF AN 120 MMI OPTICAL COUPLER; b) 
ESEM IMAGE OF SU-8 INPUT TAPER AND Y-SPLITTER OF AN 
MZI; c) ESEM IMAGE OF A Y-SPLITTER OF AN MZI WITH 
ASYMEETRIC SENSING AND REFERENCE ARMS FOR BUILT-IN 
INITIAL PHASE SHIFT. 
 
FIG. 7  BLOCK DIAGRAM OF OPTICAL BENCH SET-UP 
Numerical calculations shows refractive index 
resolution of 2.7 x10-8 is possible for an MZI with 
sensing arm of length 15000μm, which is 10 times 
more sensitive than reported MZI sensors (Zhang, 
2010, Zhang, 2013). 
Conclusions 
The design of a complete “lab on a chip” silicon wire 
photonic biosensor, with a configuration of 120 MMI 
+ 20 MZIs has been reported, and the optical lab test 
results have been provided. Simulation result of the 
sensitivity of detection for a predicted length of the 
sensing arm is 10 times more than previously reported 
MZI sensor. Further research and experiments on the 
miRNA biomarks’ detections for the medical 
applications will be addressed. 
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